We describe herein the use of a 2 H-labeling strategy to achieve specific assignments of considerably overlapped cross peaks in the 1 H-NMR spectrum of a DNA trinucleotide repeat sequence. Our strategy focuses on site-specific 2 H-labeling of base moieties to simplify the NMR spectral regions which contain the major portion of the structural information. To achieve efficient preparation of 2 H8-or 2 H6-labeled DNA and RNA nucleosides and nucleotides, the existing synthetic and purification procedures were significantly improved. Our experiments demonstrate that pyrimidine H6 deuteration reactions may be carried out using nondeuterated base reagents with DMSO-d 6 as a 2 H donor. These reactions are simple and economic to perform and produce base deuterated nucleosides and nucleotides in high yield. The 2 H-labeled residues have been incorporated into oligonucleotides with minor modifications of the existing reaction conditions. Using the homologous CGG repeat sequence, d(CGG) 5 , as an example, the effectiveness of the site-specific base deuteration strategy is demonstrated. In the otherwise extensively overlapped spectra of d(CGG) 5 , 2 H-labeling has permitted unambiguous identification of a sequential connectivity at a central CG step and confirmation of several other NOE assignments. This information is critical for elucidation of the structure and the folding of the CGG repeat sequences and will contribute to the intensive effort to understand the mechanisms of triplet expansion, which has been implicated in the development of a number of hereditary neurodegenerative diseases. In addition to the two dimensional spectral simplification in a key spectral region using site-specific 2 H8/ 2 H6-labeling, the potential applications of the prescribed strategy in homonuclear three dimensional experiments are also discussed.
INTRODUCTION
For several decades, perdeuteration and selective deuteration have been a useful approach for simplification of NMR spectra and for other structural studies of large biomolecules (1) (2) (3) . In the last few years, in particular, driven by the progress in multinuclear multidimensional NMR spectroscopy, deuteration of nucleic acids and proteins has especially found wide applications in the solution NMR studies of these complex molecular systems (4-7). The major recent applications of uniform or selective deuterium ( 2 H) labeling are in several areas: (i) uniform or fractional 2 H-labeling in 13 C-and 15 N-labeled large proteins and oligonucleotides for suppression of spin diffusion and for deceleration of spin relaxation. 2 H-labeled samples, therefore, exhibit enhanced signal sensitivities compared to their 1 H counterparts. (ii) Selective 2 H-labeling a portion of a residue or certain types of residues in a molecule for simplification of overcrowded 1 H NMR spectra. These 2 H-labeled molecules help reduce the spectral complexity and make it possible for specific assignments. Protein 2 H-labeling has been carried out biosynthetically to produce uniformly labeled molecules, while various biosynthetic and chemical routes for preparation of 2 H-labeled oligonucleotides are available (1, 3, 5, 6, (8) (9) (10) (11) (12) (13) (14) (15) . In these studies, the NMR spectral comparisons between natural and the deuterated sequences clearly demonstrate the power of selective deuteration methods applied to resolve spectral overlaps of large, complex molecules. To advance these applications, we describe in this report two major improvements: efficient synthesis of oligonucleotides containing site-specific incorporation of deuterated base residues and use of deuteration to selectively simplify the fingerprint spectral regions (i.e. base to sugar proton region) of oligonucleotides. Our work has been focused on the efficient syntheses of nucleosides and nucleotides containing 2 H-labeled base residues. As shown in the literature and particularly in this report, these reactions and the subsequent purification are easier to perform and much more cost effective than multi-step chemical and biochemical procedures for sugar deuteration (6, (16) (17) (18) . We recognized that in a typical two dimensional (2D) NOESY spectra of oligonucleotides, structural information is primarily contained in the region that connects base with sugar protons (Figs 1A and 2A) . If the selected base protons, especially H8 in purines and H6 in pyrimidines, are replaced with 2 H, all the pertinent cross peaks correlating the base to sugar protons will disappear. Our strategy of site-specific incorporation of base deuteration is, therefore, aimed at effective elimination of selected 1 5 . NOE connectivities between base H8 or H6 (F2 axis) and sugar H2′ and H2′′ (F1 axis) are illustrated. Overlapped assignments are underlined. The oval box contains NOEs from G H8 to intra-and inter-residue sugar H2′ and H2′′ at the GG step. The NOEs in the boxed areas I-IV include: I, C H6 to the sugar H2′ and H2′′ of the preceding G residue (i.e. the connectivities at the GC step); II, from G H8 to the H2′ of the preceding C residue (i.e. the connectivities at the CG step); III and IV, from G H8 to the H2′′ of the preceding C residue. (B) The comparison NOESY spectrum of 2 H-d(CGG)5. The sites of specific 2 H8 substitution are indicated in the text. NOEs in box I are unchanged, confirming the identity of the 2 H8-d(CGGC) 5 sequence. NOEs in boxes II and III completely disappeared, indicating that deuteration has effectively eliminated the proton resonances as designed and that G8 base does not see C7 H2′ (box II). There is a weak NOE in box IV which can be unambiguously assigned to C7 H2′′ to G8 H8. This peak was impossible to assign in the spectrum in (A). (C) An illustration of the 3D NOESY-NOESY spectrum. A 2D plane is viewed at the resonance frequency of a G H8 (residue i), which is one of the few remaining base protons. The off-diagonal cross peaks reveal connectivities between sugar protons and between sugar and base protons, such as from G H8 i (F3)-C H1′ i-1 (F2)-C H6 i-1 (F1), permitting unambiguous assignments of sugar resonances without requiring 2 H-labeling of sugar residues. i, i-1 and i + 1 are residue numbers.
to provide well-defined spectral information for specific sites in the molecule studied.
This research was, in part, stimulated by the difficulties encountered during our studies of the DNA CXG (X = A, C, G or T) triplet repeat sequences (19) (20) (21) , which have been implicated in the genes related to >10 neurodegenerative diseases (22) . Our studies are to understand the molecular basis for the correlation of sequence specificity and chain length dependence with the onset and severity of the diseases. At the short sequence levels (repeat number n = 2 or 3), the NMR spectra of these sequences have been analyzed in detail, revealing many interesting and possibly biologically important structural features (19) (20) (21) . However, spectral overlaps in longer, homologous sequences have prevented their high resolution analyses. An example of this problem is illustrated in Figure 1A , showing a congested spectral region connecting base to sugar H2′ and H2′′ protons in the d(CGG) 5 duplex. In this report, the preparation of the base deuterated monomers (deoxyribonucleosides, ribonucleosides and their nucleotides) and the site-specifically 2 H-labeled d(CGG) 5 is described. The NOESY spectrum of the 2 H-labeled d(CGG) 5 is presented to illustrate the advantage of our site-specific base deuteration strategy.
MATERIALS AND METHODS

Sample preparation
Synthesis of base 2 H-labeled nucleosides and nucleotides. All deuterated reagents and solvents were purchased from Cambridge Isotope Laboratories, Inc. The deuteration procedures reported in the literature (9, 15) were modified to derive 2 H8 and 2 H6/ 2 H5-labeled dA, dC, dG, T, A, C, G and U. ATP, GTP, CMP and UMP were each treated in an NMR tube using the reaction conditions similar to those used for the synthesis of the corresponding nucleoside. Typical synthetic conditions and results of these reactions are summarized in Table 1 . a Representative reaction conditions are shown. The reaction scales for deoxynucleoside reactions carried out at a >1 mmol scale are indicated in parentheses, while others were run in NMR tubes and used ∼10 mg starting materials. Yields for >1 mmol reactions are >95% unless otherwise noted. Reactions 2 and 3: comparisons of using either deuterated or non-deuterated base reagents. A higher percentage of deuteration may be achieved using HOCH 3 /NaOCH 3 over a longer period of time. Reactions 2 and 4: comparisons of using either deuterated or non-deuterated DMSO. The major source of 2 H is from DMSO-d 6 . Reactions 2 and 5 as well as 6 and 7: the percentage of 2 H5 is dependent on the concentration of the base and nucleosides. Higher concentrations of these substances lead to increased 2 H5 substitutions. Reaction 8: a similar reaction of 1 mmol completed within 11 h with 99% H8 substitution. Reactions 9 and 10: the percentage of deuteration is proportional to the amount of the base and time used for the reaction. The use of NaOH required longer reaction time. Reaction 12: preliminary results showed that HOCH 3 /NaOCH 3 are also applicable. Reactions 17 and 18: NMR spectra of the reactions showed the presence of ∼10% decomposed CMP or UMP. Increased reaction time should increase the level of deuteration. The reaction yield, however, will be adversely affected. b The equivalent base reagents or the volume/ratio of the solvents are given in parentheses when necessary. TEA is triethylamine; DMSO is dimethyl sulfoxide. Sodium methoxide is 2.5 M in methanol and sodium hydroxide is 10% in water. c The degree of the replacement of H8, H6 and H5 was obtained from 1D NMR signal integration and errors are estimated to be ±2%.
For purine residues, upon completion of the reaction, the mixture of D 2 O and TEA was rotatory-evaporated in vacuo. Deuterated nucleosides thus obtained were essentially pure and contained 99% 2 H8 as assessed by one dimensional (1D) NMR spectral comparison with the commercial dA or dG (expanded regions shown in Fig. 3 ). The products were directly protected and derivatized into phosphoramidites according to typical procedures described in the literature (23) . For pyrimidine nucleosides, after the reaction, the dC solution was diluted with cold H 2 O, neutralized using HCl (0.5 M) and rotatory-evaporated in vacuo. The residue was then dissolved in a mixture of CH 3 OH:CH 2 Cl 2 (1:1) and the resultant solution was filtered and concentrated in vacuo. The subsequent ion exchange column chromatography (OH -, Dowex 1 × 2-400) using H 2 O as eluant followed by concentration produced crystalline 2 H6-dC (∼95% yield, 97-99 and 50-78% 2 H6 and 2 H5, incorporation, respectively). 2 H6-dC was also purified using reverse phase C18 chromatography using 0-10% CH 3 OH/H 2 O to yield the crystalline product. The T reaction was quenched in a way similar to that used for dC. Purification on a silica gel column (Silica gel 60, 230-400 mesh) using 10-15% CH 3 OH/CH 2 Cl 2 furnished crystalline 2 H6-T with 95% 2 H incorporation in overall >95% yield. 5 containing site-specific 2 H-labeled base residues. d(C 1 GGCGGC 7 G 8 G 9 C 10 GGCGG 15 ) was synthesized using a Cruachem synthesizer on a multiple 1 µmol scale. All dG residues except for the underlined positions contain 2 H8. The corresponding 2 H8-dG phosphoramidite was synthesized as previously described and incorporated into d(CGG) 5 using standard procedures (23) . The oligonucleotide was deprotected in aqueous ND 4 OD at room temperature for 40 h. The remaining purification and detritylation procedures were similar to those described for non-isotope labeled sequences (21) . The purity of the NMR sample was verified by analytical C 18 reverse phase HPLC and denaturing polyacrylamide gel electrophoresis (21) .
Synthesis of d(CGG)
NMR experiments
NMR experiments were conducted on either a GE 300 MHz or a Bruker AMX-II 600 MHz spectrometer. The disappearance of the 1 H signal at deuterated positions was monitored using 1D 1 H Figure 1 . The cross peak assignments of the oligonucleotide were obtained by tracing the sequential connectivities and by comparing to the shorter sequence analogs, such as d(CGG) 3 , which have been analyzed in great detail (21, 24) . The complete analysis of the spectral information of d(CGG) 5 will be reported separately.
RESULTS AND DISCUSSION
H substitution of base protons in DNA and RNA nucleosides
We report here improved procedures for 2 H incorporation into the base residues of all four DNA or RNA nucleosides and potentially for the corresponding nucleotides. New reaction conditions have been developed, under which the desired products can be obtained (i) within a shorter period of time, (ii) with a higher level of deuteration and (iii) higher yield, and (iv) using simpler work-up procedures compared to literature methods.
Purines.
It is well known that purine H8 can be easily substituted by 2 H under various basic conditions (9, 10) . While most of these reactions used inorganic salt conditions, this work applied 1-5 equivalent triethylamine (TEA) in D 2 O for preparation of 2 H8-purine nucleosides at 60-70_C (Table 1) . TEA has the advantage of being volatile and thus, can be easily removed without using any chromatography. 2 H8-dA and 2 H8-dG were, therefore, not purified after the reaction and were directly converted into phosphoramidites in good yields and purity which is comparable to that of commercial products. These conditions result in nearly complete deuteration at the 8-position of the A and G bases (Table 1 and Fig. 3 ) and quantitative yield for both deoxy and ribonucleosides. The reactions for dG took 15-30 h (small scale reaction required less time), while the reactions for dA required 50-60 h. Adenine H2, which, as well as H8, can simultaneously be exchanged into 2 H in the presence of PtCl 2 /NaBD 4 (14) , does not exchange with 2 H under these conditions. A small amount of DMSO-d 6 was added to the reactions of purine ribonucleosides to improve their solubility. When the reactions of comparable scales are compared the required reaction times tend to increase in the order of deoxy-purines, ribo-purines to purine nucleotides. The same reaction conditions were applied to ATP and GTP on small scale reactions. These 2 H8-nucleotides can then be used in in vitro transcription of RNA oligomers. NMR showed the formation of the deuterated products (Table 1) , and 31 P 1D spectra showed that the phosphate linkages in ATP and GTP are stable over the course of the reaction.
Pyrimidines. More vigorous reaction conditions were required for base 2 H6 incorporation (9, 15) . Although it is possible to discriminate H6 and H5 substitutions, this work presents no effort in this aspect since H5 often exhibits much fewer NOEs and thus, the related spectra are less crowded. In general, two sets of reaction conditions have been applied (reagents were either 1 H or 2 H forms, Table 1 ): methanol/sodium methoxide/DMSO-d 6 (applied to C or U nucleobases) or water/sodium hydroxide/ DMSO-d 6 at 60-135_C (applied to T, CMP and UMP). We have found that it is not necessary to use deuterated base reagents as long as DMSO-d 6 is present in excess, although a slightly longer reaction time is needed (Table 1) . In these reactions, we have also been able to reduce the amount of the base reagents used to one or two equivalents. This resulted in milder reaction conditions to afford, after chromatography purification [rather than charcoal filtration as reported in the literature (9,15)], products in improved yield [>95% compared to 70-80% in the literature (9,15)] and 2 H6 incorporation [>95% 2 H6 in T and U compared to 90% in the literature (9, 15) ]. The 1D NMR spectra of the deuterated dC and T (5-methyl is untouched) are displayed in Figure 3 . Deuteration of CTP and UTP under similar conditions has not been successful due to solubility problems of these compounds in DMSO. However, CMP and UMP may be treated with NaOD (3 equiv.) in a mixture of D 2 O and DMSO-d 6 (vol 2:3) at elevated temperatures to give deuterated products containing ∼75% 2 H6 (Table 1 ). The reactions potentially can be allowed to proceed for a longer time to achieve more complete deuteration at the expense of the overall reaction yield (Table 1) .
Synthesis and NMR studies of the 2 H8-dG site-specifically labeled d(CGG) 5 In an effort to understand the molecular basis of triple nucleotide expansions observed in certain neurological regulatory gene sequences, we have embarked on studies of all four types of CXG (X = A, C, G or T) repeat sequences (22) . As we extend our studies from short, model sequences to longer repeats, rather monotone appearances in the NMR spectra were observed because of repeated structural units in these molecules. Interesting NMR signals from the residues of structurally different portions of the molecule are likely to be buried under the clusters of the major signals. Therefore, it is critical to use isotope labeling methods in order to observe the behavior of an individual trinucleotide unit in a long repeat sequence. At the present time, 13 C and/or 15 N-labeling of DNA fragments (25) of a long sequence is rather cost prohibitive. Furthermore, such a labeling scheme does not allow separation of one repeat unit from another and thus, would not, in any way, resolve the spectral overlaps in a repeat sequence. The site-specific labeling strategy, however, should be particularly well suited for our applications. Nucleotide base 2 H-labeling can be achieved at lower cost and in a shorter period of time. More importantly, NOE connectivities involving base proton resonances are the major source of conformational and structural information ( Fig. 2A and B) and it is often that the spectral regions containing these connectivities [i.e. between base (H6 or H8) and sugar proton (H1′, H2′, H2′′ and H3′) ] resonances are congested as illustrated in Figures 1A and 2C . 2 H-labeled base residues permit selectively removal of proton resonances in this region and the resultant spectrum can be unambiguously assigned (Fig. 2D) .
Our previous studies of the CGG triplet repeats have identified the formation of an antiparallel homo-duplex by d(CGG) 3 at ∼30_C (21) . In this duplex, the two strands of d(CGG) 3 align in a staggered fashion to form two Watson-Crick C•G base pairs in each of the 5′-GGC•GGC-3′ repeat units, whereas the middle G is mismatched and conformationally flexible. We have further examined, using UV and NMR, a series of d(CGG) n (n = 3-20) in order to define the structure and solution behavior of the longer CGG repeat sequences. However, the NOESY spectra of these sequences are too overlapped to be meaningful. Even for a five repeat sequence, the five H8s of the ten G residues are overlapped (Fig. 1A) . To take advantage of site-specific deuteration, we have synthesized d(CGG) 5 5 , G residues containing H8 are underlined]. The 3′-terminal G on solid support was not 2 H-labeled and this resonance is, nevertheless, resolved (Fig. 1A) . The H8 in the central G8 and G9 residues will permit the assignments of the related connectivities. In this sequence, we are mostly interested in the conformation of the central CGG residues, which potentially may be the point of folding (Huang and Gao, unpublished UV and pulsed field gradient NMR experiments).
2 H-d(CGG) 5 was synthesized and deprotected using a ND 4 OD aqueous solution at room temperature to minimize 2 H8 to H8 exchange at deuterated sites. Although ND 4 OD may cause reverse exchange (H8 to 2 H8) at non-deuterated sites, this exchange is more forgiven since it does not generate NMR signal. In the end of the reaction, it was found that H8s maintained the majority of their population during the ammonolysis (Fig. 1B) . A potential problem associated with base 2 H-labeled oligonucleotides is that H8 of purine residues, especially that in G residues, may slowly exchange with D 2 O under neutral pH. This would cause gradual loss of H8 signals. We have experienced this unfavorable exchange over the time when 2D and 3D NMR spectra were recorded at 42_C for more than 10 consecutive days. The flexible terminal G H8 first disappeared, followed by the internal G8 and G9 H8 resonances. However, normally, this exchange may not be as threatening since NMR spectra of oligonucleotides are usually recorded at room temperatures or below. Under these conditions H and 2 H exchange is sufficiently slow.
The appearance of the NOESY spectrum of 2 H-d(CGG) 5 , displayed in Figure 1B , is identical to the non-labeled d(CGG) 5 ( Fig. 1A) except that the NOE patterns related to the five overlapped G residues (G6, G8, G9, G11 and G14) are greatly simplified. The isolated signals have provided important structural information. In this spectral region, the C H6 resonances fall in the ∼7.2 p.p.m. range (except the terminal C1 H6 at 7.6 p.p.m.) and these resonances exhibited NOEs to the intra-residue sugar H2′ and H2′′ protons (1.7-2.4 p.p.m. along the F1 axis) and to the 5′-preceding G sugar H2′ and H2′′ protons (2.4-2.9 p.p.m. along the F1 axis, box I in Fig.  1A) . The latter set of NOEs identifies the four 5′-GC connectivities in d(CGG) 5 . All 10 G H8 resonances fall in a narrow 7.5-7.8 p.p.m. range, which exhibited NOEs to intra-residue sugar H2′ and H2′′ protons (2.4-2.9 p.p.m. along the F1 axis) and to the 5′-preceding C sugar H2′ and H2′′ protons (1.7-2.4 p.p.m. along the F1 axis, squared boxed regions II-IV). There are five 5′-CG steps; several related NOEs are discernible from the spectrum shown (Fig. 1A,  boxes II-IV) . However, because five G H8 resonances are clustered in narrow spectral region, the 5′-C7G8 sequential NOEs cannot be unambiguously identified. This is, in particular, an important structural feature related to the questions concerning the folding and structural continuity of the longer CGG repeat sequences.
The above spectral ambiguity has been resolved in the spectrum of 2 H-d(CGG) 5 . The peaks in boxes II and III completely disappeared (Fig. 1B) , identified these NOEs belonging to the sequential connectivities from G2, G5, G11 and G14 to the 5′-preceeding C residues. The spectral comparison also ruled out a connectivity between 5′-C7 H2′ and G8 H8. However, a weak peak was detected between C7 H2′′ and G8 H8 (Fig. 1B , box IV), providing definitive evidence that C7 and G8 are weakly stacked. Theoretically, we should be able to unambiguously identify the connections between G9 and C10 using homonuclear 3D NOESY-NOESY spectral analysis (26) . In a 2D plane located at the G9 H8 frequency, cross peaks are expected linking G9 H8 with intra-and inter-residue sugar protons on the NOE lines (Fig.  1C) . There should also be cross peaks from these sugar protons, such as G9, to base protons, such as C10 H6, through 3D NOE magnetization transfer. The 3D NOEs will thus separate the overlaps in the 2D spectral region, where C7 and C10 H6 fall in the same resonance frequency (Fig. 1B) . Therefore, the 3D NOEs can be unambiguously assigned to G6/C7 and/or G9/C10 sequential connectivities. However, after exhaustive 2D and 3D experiments in D 2 O we discovered that the internal G8 and G9 H8s, albeit exchanging with solvent D 2 O much slower than the 3′-terminal G H8, have almost completely exchanged into 2 H8. The peak intensity in the 3D data was too weak to provide definitive information. It is also unfortunate that H8 resonances of G8 and G9 are overlapped and thus, the sequential connectivity between G8 and G9 cannot be determined. Work is in progress in this laboratory to prepare alternative 2 H-labeled d(CGG) 5 to further resolve spectral overlaps.
In summary, we have modified and improved reactions and purification procedures so that the base 2 H8 and 2 H6 labeled DNA and RNA nucleosides and nucleotides can be prepared efficiently and economically. Using the homologous CGG repeat sequence, d(CGG) 5 , as an example, we demonstrate an efficient strategy using site-specific 2 H-labeling to simplify the spectral region which is most important for nucleic acid structure elucidation. We propose that the advantage of selective 2 H-labeling may be further explored using homonuclear 3D NMR spectroscopy (Fig. 1C) . NOESY-NOESY 3D spectra (26) will be most useful when the planes at the selected base proton frequency are reviewed. In these planes, sequential NOE connectivities may be further resolved. NOESY-TOCSY 3D spectra (27) , if also reviewed at the selected base proton frequency, will reveal sugar proton scalar connectivities for only those which have NOE contacts with the non-deuterated base protons. This will significantly reduce the overlaps in the sugar proton-sugar proton correlation spectral region without the requirement of the lengthy synthesis of deuterated sugars. These experiments are presently in progress in this laboratory.
